ABSTRACT Sylvatic plague (Yersinia pestis) is an exotic pathogen that is highly virulent in black-tailed prairie dogs (Cynomys ludovicianus) and causes widespread colony losses and individual mortality rates >95%. We investigated colony spatial characteristics that may influence inter-colony transmission of plague at 3 prairie dog colony complexes in the Great Plains. The 4 spatial characteristics we considered include: colony size, Euclidean distance to nearest neighboring colony, colony proximity index, and distance to nearest drainage (dispersal) corridor. We used multi-state mark-recapture models to determine the relationship between these colony characteristics and probability of plague transmission among prairie dog colonies. Annual mapping of colonies and mark-recapture analyses of disease dynamics in natural colonies led to 4 main results: 1) plague outbreaks exhibited high spatial and temporal variation, 2) the site of initiation of epizootic plague may have substantially influenced the subsequent inter-colony spread of plague, 3) the longterm effect of plague on individual colonies differed among sites because of how individuals and colonies were distributed, and 4) colony spatial characteristics were related to the probability of infection at all sites although the relative importance and direction of relationships varied among sites. Our findings suggest that conventional prairie dog conservation management strategies, including promoting large, highly connected colonies, may need to be altered in the presence of plague. ß 2011 The Wildlife Society.
Exotic zoonotic diseases pose a substantial threat to native wildlife species as well as to human health. Management is enhanced by an understanding of the ecological factors associated with the spread of disease. A challenge to studying transmission of mammalian wildlife diseases in natural environments is that infected individuals are rarely observed because common host species such as mice and rats are inconspicuous in their activity and carcasses are removed by scavengers. We overcame these challenges by studying a conspicuous, highly social colonial rodent, the black-tailed prairie dog (Cynomys ludovicianus), to characterize the dynamics of wild (sylvatic) plague at large spatial scales. Sylvatic plague is an exotic vector-borne disease caused by the bacterium Yersinia pestis. Black-tailed prairie dogs are highly susceptible to plague because they have no known natural immunity (Poland and Barnes 1979 , Barnes 1982 , Antolin et al. 2002 . These colonial mammals are also highly visible and because colonies die very quickly, they serve as an excellent bioassay for detection of plague and as an early warning system for wildlife managers and public health officials (Cully et al. 2000) .
Yersinia pestis is a virulent pathogen in prairie dogs that can be rapidly transmitted among individuals within a colony as well as among colonies across large landscapes. Individual prairie dogs infected with plague suffer mortality of nearly 100% (Barnes 1993) . Because plague is highly infectious, it may be more readily transmitted between nearby prairie dog colonies. Understanding plague dynamics within a landscape requires consideration of several scale-dependent processes. At the scale of the colony, with sizes ranging from <1 ha to >1,000 ha, prairie dog mortality rates can be >95% (Cully and Williams 2001 ). Plague appears to spread within colonies either through contact between prairie dogs and infected fleas or possibly as a result of direct transmission between prairie dogs through contact with infected aerosols, blood, or saliva (Webb et al. 2006) .
At coarser scales of resolution (national grasslands), covering anywhere from 40,000 ha to >400,000 ha, mechanisms of plague transmission between colonies are not clear. Possibilities include transport of infected fleas by dispersing prairie dogs, transport of infected fleas among colonies by carnivores or raptors that regularly move among colonies, or contact with infected rodents of other species or their fleas (Barnes 1993 , Cully 1993 , Cully and Williams 2001 , Antolin et al. 2002 , Salkeld and Stapp 2006 . Transmission of plague into prairie dog colonies may be related to spatial characteristics of the colonies or to landscape features that enhance or inhibit movement.
Previous research has considered the importance of colony size and isolation and landscape characteristics such as the proximity and cover of nearby stream corridors, lakes, and roads (Lomolino et al. 2004 , Stapp et al. 2004 , Collinge et al. 2005 , Snäll et al. 2008 . For example, Lomolino et al. (2004) and Stapp et al. (2004) found increased plague activity in clustered colonies. Similarly, Collinge et al. (2005) and Snäll et al. (2008) found that in Colorado and Montana, die-offs were more likely to occur on larger colonies close to previous die-offs and surrounded by fewer lakes, streams, and roads-geographic features that may act as barriers to movement of plague hosts and vectors. Roach et al. (2001) and Antolin et al. (2006) suggested that drainages may facilitate movement of prairie dogs among colonies. Prairie dogs in colonies connected by (typically dry) drainage corridors were more likely to share genetic similarities providing evidence that higher rates of prairie dog dispersal occur along these corridors.
To expand upon previous research, we sought to further explore the relationship between prairie dog colony spatial characteristics and plague infection. Specifically, we examined the effects of colony size, Euclidean distance to nearest neighboring colony, colony proximity index (Gustafson and Parker 1992) , and distances to nearest dry-creek drainages (that may act as dispersal corridors) on probability of plague occurrence.
We used multi-state (MS) mark-recapture models, which are an extension of Cormack-Jolly-Seber (CJS) models that allow for an individual to be encountered in !2 categorical states (Brownie et al. 1993, Lebreton and Pradel 2002) , in this case, affected by plague or not.
Multi-state models have been used previously to examine disease transmission among individuals (Faustino et al. 2004 , Senar and Conroy 2004 , Lachish et al. 2007 ). We proposed a novel application of MS modeling to investigate infection dynamics of colony complexes over a 7-year period. Our study is the first attempt to use mark-recapture methods to examine disease dynamics in spatially structured populations. We expected that large colonies close to neighboring colonies and low-lying dry creek drainages would have the highest infection rates.
STUDY AREA
We examined the effect of colony spatial characteristics on plague occurrence at 3 national grasslands with large complexes of black-tailed prairie dog colonies in the western Great Plains (Table 1) . We mapped prairie dog colonies to identify mortality events indicative of plague at 3 study sites: Cimarron National Grassland, Kansas (101.98W, 37.18N), Comanche National Grassland, Colorado (102.78W, 37.08N), and Kiowa and Rita Blanca National Grasslands, at the intersection of New Mexico, Texas, and Oklahoma (102.88W, 36.48N), hereafter Cimarron, Comanche, and Kiowa-Rita Blanca, respectively (Fig. 1) .
METHODS
We mapped prairie dog colonies only on publicly held portions of each grassland. In 1999, we obtained colony data from J.F. Cully, Jr. (Kansas State University, unpublished We mapped all colonies at each grassland during a continuous 1-to 2-week period, depending on the number of colonies. To investigate annual changes in colony size, we mapped only areas actively occupied by prairie dogs. We identified active colonies by visually and audibly locating prairie dogs and determined the boundary of active areas by signs of recent digging on and near burrow mounds, presence of fresh prairie dog scat, and clipped vegetation indicating foraging activity or the characteristic mowing that prairie dogs undertake to enhance visibility on the colony (Hoogland 1995) .
Identification of Plague
Yersinia pestis infections in black-tailed prairie dogs cause mortality rates of nearly 100% (Poland and Barnes 1979 , Barnes 1993 , Cully 1993 , Antolin et al. 2002 . When a plague epizootic occurs on a blacktailed prairie dog colony, the population collapses to usually <10% of its former area and often to zero survivors. When a colony collapses, if animals remain, they aggregate into smaller areas and usually occur at densities that appear similar to precollapse densities. We assumed that colony area is a reasonable surrogate for colony population, and we interpreted a >90% reduction in active colony area as a plague event.
Where we encountered colonies that had died, we attempted to collect fleas from burrows to be analyzed at the Centers for Disease Control and Prevention (CDC), Bacterial Zoonoses Branch, in Fort Collins, Colorado, for presence of Y. pestis. We did not attempt to verify presence of Y. pestis at every collapsed colony, but we wanted to verify its presence on each grassland.
Prairie Dog Colony Data
We obtained spatial data by traversing colony boundaries on an all-terrain vehicle and recording a positional reading every second using a hand-held Global Positioning System (GPS). We differentially corrected all spatial data using Trimble Pathfinder software and information from a base station in Elkhart, Kansas, which was located <100 km from all study sites. The dynamic growth and reduction of colonies as a result of plague required us to define closely located colonies as single observational units prior to analysis. Colonies located close to other colonies (usually <1 km) and with no barrier between them often merge together after several years, forming one colony. Likewise, when large colonies are infected with plague, the high level of die-off frequently fragments them into small, unconnected colonies. We treated colonies that coalesced during our study, or large colonies that fragmented as a result of plague, as one colony for analyses; we summed the area of the components to calculate the proximity index, we connected the group of colonies for FRAGSTATS to treat the group as an individual unit, and we selected the shortest measurement of edge to nearest neighbor or to nearest drainage from among the component sub-colonies. We incorporated yearly GPS data into a Geographic Information System projected to North American Datum 1927, Universal Transverse Mercator zone 13 North, along with drainage data (1995 United States Census Bureau TIGER files, http://www.census.gov/geo/www/tiger/, accessed Nov 2004) to quantify 4 spatial characteristics for each colony in each year of the study: colony area (ha), distance to the nearest neighboring colony (m), colony proximity index, and distance to the nearest drainage (m). We quantified nearest neighbor, edge-to-edge, and nearest drainage edge-to-drainage distances using the Nearest Feature ESRI ArcScript (Nearest Features Version 3.8b, http://www.jennessent. com/arcview/arcview_extensions.htm, accessed Nov 2004). We calculated colony proximity, which accounts for both the size and distance to neighboring colonies, using the spatial pattern analysis program FRAGSTATS (FRAGSTATS version 3.3, http://www.umass.edu/landeco/research/fragstats/fragstats.html, accessed Dec 2009).
Modeling Approach
We applied MS mark-recapture modeling to colonies, rather than individual animals, which can be encountered in 1 of 3 categorical states: plague, no plague, and not detected-not recovered. Multi-state models allowed us to examine if the effects of plague among colonies were similar among study sites, determine if the effects were constant over time or changed annually, obtain estimates of colony survival rates for both healthy and infected colonies, and estimate colony infection (collapse) and recovery (growth following collapse) rates. Whereas CJS models allow estimation of apparent survival (f), MS models allow estimation of state-specific apparent survival (S) and transition rates among states (c), where Sc ¼ f. Categorical states used in previous MS models have included social status (i.e., breeding or nonbreeding), age (i.e., ad or juv), and colony location (i.e., occupied or unoccupied; reviewed in Sandercock 2006) . More recently, MS models have been applied to the transition of individuals to and from a disease state (Faustino et al. 2004 , Senar and Conroy 2004 , Lachish et al. 2007 ). Our approach is novel in that we modeled disease status for whole colonies of black-tailed prairie dogs. Because plague causes mortality of >95% of the individuals within a colony (Cully and Williams 2001) , we believe the effects of plague at the colony level is an appropriate measure. Thus, we estimated demographic parameters including survival, infection, and recovery rates, for colonies rather than individuals.
Benefits of our approach included the estimation of demographic parameters that will be useful to managers of prairie dogs, in addition to a model structure that allowed us to take advantage of the full 7-year data set and compensate for occasions when we did not encounter colonies. The MS modeling structure was able to handle missing data, which is a limitation of logistic regression that would have precluded the use of some of our data. After we discovered a colony, it remained in approximately the same place and we visited it each year with a probability of P $ 1. The deviation from 1 was small and resulted from discovery of new colonies, which may have been missed during !1 year prior to discovery (Table 2 ). If P ¼ 1, then apparent survival is equal to return rate and we can analyze encounter histories using logistic regression (Sandercock 2006) . Due to the nature of the data collection discussed above (i.e., revisiting all known colonies each year), we expect P $ 1. Although the modeling structure allowed for estimates of state specific survival and probability of detection, as well as rates of infection and recovery, our primary goal was to model the transition of colonies from a healthy to a diseased state as a function of colony spatial characteristics.
Multi-State Modeling
At each annual census i, we assigned 1 of 3 states to each colony: Plague (P) if the colony had collapsed since the previous year, not recovered (0) if we did not discover the colony or it was not re-established since an earlier plague event, or no-plague (N) if the colony showed apparently normal prairie dog activity as described above. We thus coded the resulting encounter history for each colony to indicate infection history. For example, 0NNP0NN represents a 7-year period in which we did not detect the colony on the first occasion, detected it as a no-plague colony on occasions 2 and 3, detected it as a plague colony on occasion 4, observed no activity in year 5, and then detected it again as a no-plague colony on occasions 6 and 7. Assuming that the status of a colony at i is a function of its status at i À 1 (Arnason 1972 , Brownie et al. 1993 , Schwarz et al. 1993 , and that we were able to correctly assign colonies to each state (Kendall 2004) , we used MS encounter histories to estimate 3 types of parameters: S (the state-specific probability of colony survival, i.e., survival of healthy [no-plague] colonies S N and survival of plague colonies S P , which means the colony collapsed to <10% of its former size, but was not extirpated), c (the probability of a colony transitioning from one state to the other, i.e., the probability of succumbing to plague c N-P or the probability of colony recovery c P-N ), and P (the probability we detected a colony). We analyzed the encounter histories representing 7 encounter periods (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) ) with the MS model in Program MARK by selecting the ''multi-strata recaptures only'' model (White and Burnham 1999) . To account for the absence of data in 2000, we specified time intervals of 1 or 2 years in Program MARK. Table 2 . Reduced model selection from Program MARK showing top 5 models fitted to encounter histories of plague infected and uninfected black-tailed prairie dog colonies at Cimarron National Grassland, Comanche National Grassland, and Kiowa-Rita Blanca National Grasslands, 1999 Grasslands, -2006 . S ¼ colony survival, P ¼ probability of colony detection, c NP ¼ probability of infection, and c PN ¼ probability of recovery. The best model is that with the lowest Akaike information criterion adjusted for small sample size (AICc) and support for each model is given by DAICc, the difference between the AICc value of the minimum AICc model and successive models. Multi-state models in Program MARK allow the user to incorporate individual covariates that may influence demographic parameters. We were interested in the effects of colony characteristics on occurrence of plague and included colony area, nearest colony (Euclidean distance), proximity index (which considers the area and distance of all colonies within a search radius of 5 km and ranges beginning at 0 for a colony with no neighbors within the specified distance and increasing as more and larger colonies are within 5 km), and nearest drainage distance as individual covariates for each colony for each of the 7 years. We then modeled relationships between parameters and year-specific spatial data for each colony at each transition interval (i.e., 1999-2001, 2001-2002, etc.) . We fit all models using a logit link and defined model structure using the design matrix option of Program MARK.
Study area Model
Model fitting proceeded in 4 steps. First, we performed a priori selection of factors (t ¼ time, c ¼ constant effects, or s ¼ state-specific effects) for each demographic parameter in the model. The reduced model selected for all study sites was:S s c (Table 2) . Second, we performed goodness-of-fit tests (GOF) to test and control for overdispersion in the reduced model. We performed GOF tests on the Arnason-Schwarz MS model using Test 3G in Program U-CARE version 2.2.5 to detect any overdispersion that may be present in our models (Choquet et al. 2003 . Test 3G in Program U-CARE tests the assumption of transience in that each colony present at time (t) has the same probability of being present at time (t þ 1; Pradel et al. 2003 Pradel et al. , 2005 .
Third, to select best-fit reduced models for each site, we systematically substituted time, strata, and constant effects to model variation in parameters. Given the high mortality caused by epizootic plague in prairie dogs, probability of infection and collapse (c N-P ) was the parameter of primary interest. We expected that infection rate would vary with time, whereas all other parameters would be constant, but strata-specific (except P, which is constant due to consistent sampling effort). Finally, to evaluate the biological impact of colony spatial characteristics on probability of colony infection, we used the model with the greatest support from our reduced model selection (Table 2 ) and modeled infection (c N-P ) as a function of colony-specific covariate values for colony area, distance to nearest drainage, distance to nearest neighboring colony, and colony proximity. We determined relative support for each candidate model using Akaike's Information Criterion corrected for small sample size (AICc). We ranked models using~AICc values, which represent the difference between the AICc value of the minimum AICc model and successive models. Models with AICc 2 are considered equally parsimonious and parameter estimates from such models are by definition given equal consideration. To estimate parameters, we used the model averaging techniques described by Burnham and Anderson (1998) and report the weighted average of parameter estimates and unconditional standard errors that correct for model uncertainty. To illustrate changes in real parameter estimates of infection rate (c N-P ) as a function of colony spatial covariates, we transformed the logit function parameters with the user-specified covariate value option in Program MARK. To avoid extrapolating outside the range of the covariate values and to illustrate the trends, we predicted mean c N-P at 5 evenly spaced intervals within the range of observed covariate values.
RESULTS
We were able to document presence of plague at all 3 grasslands during the course of the study. We confirmed the presence of plague via the detection of Y. pestis in fleas collected from burrows in colonies that had collapsed at Kiowa-Rita Blanca, at Cimarron, and in colonies north of the Comanche in Animas County, Colorado, but not on the Comanche. We attributed the die-off of colonies at all 3 grasslands as resulting from plague because the pattern of spread was clearly indicative of contagious spread of disease as described in previous reports of plague. Our criterion for identifying plague was that a colony or suite of colonies declined in active area by >90%, which usually meant that plague had been active since our previous year's census.
Plague Dynamics
The spatial and temporal dynamics of the epizootics differed among the grasslands. We observed colony die-off at all study sites during the study (Fig. 1) . At the Cimarron National Grassland in 2005, a group of smaller, isolated colonies on the edge of the complex, south of the Cimarron River, was extirpated. Over the following 3 years, plague expanded its reach to colonies north of the Cimarron River 2 km distant and spread among colonies to the west through 2008 (Fig. 1a) .
At Comanche, we first documented colony die-off on the Timpas (north) unit in 2002, and local extirpation of a few neighboring colonies continued through 2004. Colonies on the Timpas unit of the Comanche were small and widely dispersed, and we did not document widespread colony dieoff there. In 2005, 6 medium-sized colonies near the center of the colony complex on the Carrizo (south) unit of the grassland were extirpated. In 2006, plague spread among colonies throughout the central Carrizo Unit and decimated or extirpated >50% of the colonies there (Fig. 1b) . The epizootic continued to spread on the Carrizo unit during 2007 (D. Augustine, Comanche National Grassland, personal communication).
At Kiowa-Rita Blanca we first noted colony die-off in 2002. Plague began at the edge of the north-central portion of the grassland, where 3 small colonies were initially affected. Colony die-off continued to occur annually, affecting larger colonies and moving to almost every extent of the grassland over the following 4 years (Figs. 1c and 2a) . By 2006, plague had affected 64 of 72 colonies at the Kiowa-Rita Blanca National Grassland. As at Cimarron, where we first recorded the epizootic at the edge of the complex, plague spread over several years in a wave-like pattern across the grassland.
The location and size of the first colonies affected by a plague epizootic influenced the speed and spatial pattern with which the epizootic spreads to neighboring colonies. At the Carrizo unit of the Comanche, where we first observed plague at the center of the colony complex, plague spread rapidly among colonies in all directions and in 2 years, 2005-2007, and reduced colony area by 89%. In contrast, at Cimarron between 2005 and 2007, and at Kiowa-Rita Blanca between 2003 and 2006 , where the epizootic began at the edge of each complex, plague spread in a wave-like fashion ( Fig. 1 ) and reduced colony area by 54% and 55%, respectively. The incidence of plague among colonies increased within the 3 grasslands during the study and as time progressed, larger, more clustered colonies spaced further from drainages were infected (Fig. 2) .
Due to the different topography among study sites and even within sites, there was substantial annual variation in the distance to nearest drainage of infected colonies. At Comanche, the distance to nearest drainage of infected colonies was lowest relative to the other grasslands (Fig. 2) because plague was initiated in the interior of the colony complex (Fig. 1b) where drainages were numerous and many colonies were located close to drainages. When we first observed plague at Kiowa-Rita Blanca in 2002, the colonies infected were small and located close to drainages relative to the following years, but as the epizootic moved across the grassland, larger colonies spaced further from drainages were infected (Fig. 2a,b) .
Mark-Resighting Modeling
The effects of plague on colony survival and recovery, as well as the transition from no-plague to plague and vice versa, differed among sites. At all sites, the data were best represented by MS models that describe state-specific, but constant (not time-varying), estimates of apparent survival (S), a constant (over time) estimate for the probability of encountering a colony (P), a time-dependent estimate of infection rate (c N-P ), and a constant recovery rate (c P-N ; Table 2 ). We observed no evidence of overdispersion for the global model fit to data from any site (U-CARE GOF Pvalues: P ¼ 0.160, P ¼ 0.207, P ¼ 0.325, for Cimarron, Comanche, and Kiowa-Rita Blanca, respectively). Results of the analysis of the reduced models indicated that the timebased parameterization of infection rate best-described patterns of the prevalence of plague in the 3 grasslands, and we expected the model estimates of increased infection rates through time based on field observations of epizootic plague. Apparent survival (f) of uninfected colonies was 1.00 in all grasslands (Table 3) , whereas survival of infected colonies was variable among the grasslands, ranging from 0.00 at Cimarron to 0.82 at Comanche (Table 3) . There was no variation in survival of uninfected colonies in the 3 grasslands and survival of infected colonies in Cimarron, thus it was not possible to estimate a standard error for this parameter (Table 3) . Recovery rates varied across study sites, ranging from 0.14 at Cimarron to 0.85 at Kiowa-Rita Blanca.
The colony spatial characteristics represented by individual colony covariates (area, nearest neighbor distance, and colony proximity) contributed to model fit at every site, however, results of model rankings (Table 4 ) and of parameter estimates (Table 5) Table 3 . Real parameter estimates obtained from the best-fit reduced model in Program MARK fit to encounter histories of plague infected and uninfected black-tailed prairie dog colonies at Cimarron National Grassland, Comanche National Grassland, and Kiowa-Rita Blanca National Grasslands, 1999 Grasslands, -2006 . Parameter estimates for all parameters except infection rate are constant; infection rate varied with time. S ¼ colony survival, P ¼ probability of colony detection, c NP ¼ probability of infection, and c PN ¼ probability of recovery. ) showing top 5 models fitted to encounter histories of infected and uninfected black-tailed prairie dog colonies at Cimarron National Grassland, Comanche National Grassland, and Kiowa-Rita Blanca National Grasslands, 1999 Grasslands, -2006 . S ¼ colony survival, P ¼ probability of colony detection, c NP ¼ probability of infection, and c PN ¼ probability of recovery. The best model is that with the lowest Akaike information criterion adjusted for small sample size (AICc) and support for each model is given by DAICc, the difference between the AICc value of the minimum AICc model and successive models. a Negative symbol indicates the logit parameter is the estimated difference between apparent survival for non-plagued and plagued colonies. b We fixed c NP at 0 for t 1 within all models fit to the data from the 3 grasslands and also for t 2 within the models for Cimarron. c Negative symbol indicates the logit parameter is the estimated difference in transition probability between t 6 and the respective time period. d Estimated transition probability for t 6 and the logit equation intercept for all other time intervals. e Unconditional SEs are listed below estimates of the logit function parameters. between the time-based (reduced) model and the most parsimonious model containing area and colony proximity or area and nearest neighbor distance, respectively. The timebased model was an equally parsimonious fit to the colony data at Kiowa-Rita Blanca, with a reduction of 1.6 AICc between the time-based model and the highest ranking model containing area; however, colony area, nearest neighbor, and colony proximity were included in the top models (Table 4) . At Comanche and Cimarron, models including colony area, nearest neighbor, and colony proximity provided the best fit to the data (Table 4) . Colony area consistently contributed to model fit as indicated by the inclusion of area in the top model (DAICc ¼ 0.0) for each site (Table 4) . Slope estimates of 0.004 and 0.003 on the logit scale at Kiowa-Rita Blanca and Comanche, respectively (Table 5) , indicate an increasing probability of infection with increasing colony size (Fig. 3a) . Whereas at Cimarron, a slope estimate of À0.026 on the logit scale indicates the opposite pattern (Table 5) , where larger colonies had a decreased probability of infection (Fig. 3a) . Distance to the nearest neighboring colony was important at Comanche. A slope estimate of 0.056 on the logit scale (Table 5) indicates that more isolated colonies had decreased probabilities of infection (Fig. 3b) . Finally, the effects of colony proximity varied among sites. At Comanche and Cimarron, colonies with high proximity values, those nearby other (often large) colonies, had an increased probability of infection as indicated by slope estimates of 0.001 and 0.023 on the logit scale, respectively (Table 5 ). Whereas at the Kiowa-Rita Blanca a slope estimate of À0.002 on the logit scale indicates the effect of colony proximity on probability of infection had the opposite pattern and was contrary to our predictions. Models containing distance to drainage consistently had a delta AICc of >2.0 indicating distance to drainage did not contribute significantly to the top models (Table 4) .
Study area

DISCUSSION
Plague is the only disease known to cause high rates of mortality in prairie dogs. Other possible causes of die-offs are poisoning with rodenticides or shooting. Rodenticides have been banned from the national grasslands we studied since the 1980s, so poisoning was not an important issue. Shooting was allowed on the Cimarron and Kiowa-Rita Blanca but has been banned on the Comanche since 2001 (S. Shively, Comanche National Grasslands, personal communication). Shooting has the potential to eliminate prairie dogs from small colonies, perhaps as large as 2 ha, but probably has low-to-moderate impacts on survivorship and persistence on larger colonies. In an experimental shooting treatment, Pauli and Buskirk (2007) showed only small effects on survivorship as a result of shooting, but population growth was reduced relative to control sites with no shooting as a result of reduced reproductive output. The reduced reproduction was attributed to changes in foraging behavior that prevented females from accumulating adequate fat stores to produce and support full litters of pups the year following the experimental shooting. Presence of prairie dogs on colonies where shooting occurs may be less conspicuous than on undisturbed colonies, but indirect evidence in the form of burrow maintenance and digging, fresh scat, and clipped vegetation produce a different appearance than that of a colony where prairie dogs have been eliminated by plague. Within months after population collapse, burrow and crater mounds can be identified as inactive by the appearance of undisturbed dry mud on their surface, spider webs and dead plant material obstructing holes, a general lack of fresh digging (although sometimes signs of digging by other species may be present), emergence of vegetation on burrow mounds, and a profound absence of active, vocalizing prairie dogs. These changes may be seen <1 year after observing the colony as a hive of bustling prairie dog activity.
Multi-state demographic modeling is a new approach for evaluating the effects of disease on wildlife populations. During our 7-year study, we observed outbreaks of plague at 3 grasslands inhabited by black-tailed prairie dogs and found that colony spatial characteristics were correlated with infection. Annual mapping of colonies and mark-recapture analyses of disease dynamics in natural colonies led to 4 major results. First, plague outbreaks exhibited spatial and temporal variation among areas as well as within a given area. Second, Figure 3 . Multi-state model real parameter estimates of the probability of a black-tailed prairie dog colony becoming infected with plague (transition probability) AE 1 unconditional standard error as a function of: (a) colony area for Cimarron and Kiowa-Rita Blanca National Grasslands, and (b) nearest neighbor distances for Comanche grassland. These estimates represent the strongest covariate effects found for each of the three grasslands.
the site of initiation of epizootic plague may have substantially influenced the subsequent inter-colony spread of plague across a prairie dog complex. Third, the effects of plague on individual colonies differed among areas, which may provide insights into the long-term impacts of plague as well as implications for site-specific management during and between plague epizootics. Finally, colony spatial characteristics were related to the probability of infection but the magnitude and direction of the effects of varied among areas.
Annual mapping allowed us to document the multi-year spread of plague among colonies at our study areas. In past studies, when a colony die-off was observed in response to a plague epizootic, it appeared that extensive die-off of neighboring colonies occurred almost simultaneously (Cully et al. 1997, Cully and Williams 2001) . For example, there was a major epizootic at Comanche in 1995 that devastated local populations of prairie dogs. Following the major epizootic, active colony area at Comanche decreased from 2,574 ha and had recovered to only 540 ha when colonies were mapped again in 1999 (Toombs 1997, J.F. Cully, Jr., unpublished data) . Because these areas were not being actively monitored prior to the 1995 epizootic, it is possible that plague was present and moving through the grassland for several years prior to 1995. Rapid and widespread colony die-off in response to plague is not ubiquitous (Johnson 2005) . Colony mapping, flea collection, and the confirmed presence of Y. pestis by the CDC at Kiowa-Rita Blanca between 2002 and 2004 revealed that plague was slowly moving across the grassland eliminating a few colonies each year until 2004 when nearly half of the colonies were extirpated, and by 2006, 89% of colonies there had been affected (Fig. 1c) . Colony die-offs prior to 2000 at Cimarron appeared to be independent events because die-offs occurred at widely dispersed colonies (Cully et al. 2000 , Cully and Williams 2001 , Johnson 2005 . Isolation and small size of many colonies may have slowed the spread of plague at these grasslands. Additionally at Cimarron, initial die-offs in 2004 and 2005 were primarily confined to small colonies and areas of the grassland south of the Cimarron River, which may usually serve as a barrier to the spread of plague. Once the large colonies on the north side of the river became infected, infection spread more rapidly among the large and less isolated colonies (Fig. 1a) .
The location of initial colony die-off may play an important role in epizootic spread. If initial die-off occurs in isolated colonies, infection may be slow to spread to neighboring colonies, whereas if die-off occurs near other colonies, the epizootic may spread rapidly. Inter-colony distances may affect the epizootic spread of plague to neighboring colonies for several reasons. If plague is transferred among colonies by dispersing prairie dogs, intercolony distance may substantially affect the success of dispersing prairie dogs because they are more vulnerable to predation when they are away from the colony (Hoogland 1995) . Short nearest-neighbor distances should decrease time spent off a colony, thus increasing the chance of successful dispersal. Likewise, if plague is spread to neighboring colonies via the transport of infected fleas by predator species, a predator may be more likely to visit multiple colonies in an area where colonies are clustered on the landscape and close together.
Although our focus was to identify spatial characteristics of colonies that may impact the probability of infection with plague, our results of colony survival may have important implications for the long-term effects of plague. At Cimarron where survival of infected colonies was lowest, the long-term effects of plague may be more severe because fewer colonies infected with plague recovered and continued to support prairie dog populations (Table 3) . It is possible that the low rate of colony survival at Cimarron was a result of the size of colonies when they became infected with plague. Smaller colonies were less likely to have surviving prairie dogs and may have been less likely to be recolonized following a plague event.
Colony infection rate was related to colony area at all study areas. Among study areas however, we observed differing trends in infection probability in relation to colony area. At Comanche and Kiowa-Rita Blanca, we observed a trend of increasing infection with increasing colony area. Conversely, at Cimarron, the trend was for smaller colonies to have increased infection probabilities (Fig. 3a) . Variation in effects of colony size may be partially explained by examining the location of the initial colony die-off and the subsequent movement of plague among neighboring colonies. If the Cimarron epizootic had started north of the Cimarron River, nearer to the largest colonies, patterns of spread may have led to a different path, and the effect of colony area might have been similar to the other study areas. At Kiowa-Rita Blanca, we also observed the initial colony dieoff in small colonies; however, these colonies were nearby larger colonies and, over the following 4 years of monitoring, continued to spread across the grassland in all directions. At Comanche, initial colony die-off occurred in a central portion of the grassland in medium to large colonies and spread more rapidly to large neighboring colonies over the following year.
Colony area has been a consistent indicator of colony susceptibility to plague. Our results at Comanche and Kiowa-Rita Blanca are consistent with previous reports where larger colonies were more likely to be infected with plague (Cully and Williams 2001 , Lomolino and Smith 2001 , Collinge et al. 2005 , Snäll et al. 2008 ). Larger colonies may have an increased chance of contracting plague for several reasons. Contact with potential reservoir hosts such as deer mice (Peromyscus maniculatus) and northern grasshopper mice (Onychomys leucogaster; Barnes 1982 , Thomas 1988 , Gage et al. 1995 and their associated fleas may be more likely to occur on large prairie dog colonies because the colony is spread over a larger portion of the landscape and likely intersects the home ranges of more individuals of reservoir species. Additionally, we expected that a larger number of prairie dogs would be present at larger colonies, which may result in increased numbers of contacts not only between reservoir hosts and prairie dogs, but also among prairie dogs, which could increase the possibility of vector exchange (Cully and Williams 2001) . Moreover, prairie dogs may choose to disperse to larger colonies because of increased habitat suitability (Collinge et al. 2005) , which may also increase transmission.
Our results also show that distance and proximity to other colonies may affect transmission. We expected that Euclidean distance to the nearest neighboring colony and colony proximity to other colonies would be important factors contributing to probability of infection. If plague is epizootically transferred among colonies, the proximity to other colonies should impact the inter-colony spread of plague and thus spatially clustered colonies may be more susceptible to epizootic die-off than more isolated colonies. We found that nearest neighbor distance contributed to model fit at all study areas and that probability of infection increased as colonies were located closer together. Models including measures of proximity for each colony emerged in the top models (Table 4) . At the Cimarron and Comanche, as proximity increased, that is, as colonies were more clumped on the landscape, probability of infection increased, whereas at Kiowa-Rita Blanca, the effect was opposite (Table 5) .
Finally, we did not find the effects of colony proximity to low-lying dry creek drainages to contribute significantly to model fit of the probability of infection at any study area. Drainages have previously been described as routes of dispersal for prairie dogs (Garrett and Franklin 1988) . Using microsatellite analyses, Roach et al. (2001) evaluated relatedness among individuals from neighboring colonies and concluded that prairie dogs likely used dry drainages as dispersal corridors. We thus expected that proximity to drainages may also significantly influence the inter-colony spread of plague if prairie dogs are spreading plague via dispersal, if prairie dogs potentially come into contact with infected reservoirs more readily while traveling along drainages, or if predators carrying infected fleas are utilizing drainages to move among colonies. Collinge et al. (2005) found a negative correlation between plague occurrence in prairie dog colonies and the coverage of lakes and streams on the surrounding landscape for study sites in Phillips County, Montana, and Boulder County, Colorado. However, Collinge et al. (2005) considered percent cover of lakes and total linear length of streams within 5 km of a colony, whereas we considered distance to the nearest (usually dry) drainage. Lakes and perennial streams in Colorado were probably barriers to prairie dog dispersal because of the presence of water, whereas the drainage systems at our study areas at Cimarron, Comanche, and Kiowa-Rita Blanca were almost exclusively dry drainages, which we expected to facilitate rather than impede the movement of animals and spread of disease. Dry drainages may function as corridors for the epizootic spread of plague if they increase successful dispersal of prairie dogs carrying plague infected fleas. Without drainages, plague may be less likely to spread rapidly to neighboring colonies via epizootic transmission. A lack of an extensive drainage network may explain the slow progression and isolated incidences of plague at Kiowa-Rita Blanca and Cimarron.
Overall, our modeling suggests that large colonies close to neighboring colonies are more likely to become infected with plague; however, we were unable to infer proximate mechanisms of transmission from our modeling. We were able to observe how infection rates changed over time and determine the effects of colony spatial characteristics on infection. This information provides a better understanding of the potential long-term effects of plague at individual grasslands. In addition, the importance of colony spatial characteristics as predictors of a colony's susceptibility to plague has important implications for the conservation and management of black-tailed prairie dogs that occur within the current distribution of sylvatic plague.
MANAGEMENT IMPLICATIONS
Our findings suggest that conventional management strategies employed in prairie dog conservation may need to be modified in the presence of plague. Conservation approaches commonly applied to black-tailed prairie dog populations aim to create larger, more densely populated colonies by managing poisoning and recreational shooting and by relocating prairie dogs to previously inhabited areas (U.S. Department of the Interior Fish and Wildlife Service 2000) . Prairie dog populations may naturally form metapopulations, sustained by connectivity among colonies (colonies close together and close to dispersal corridors) and high likelihood of successful dispersal (Roach 1999) . The introduction of sylvatic plague as an exotic pathogen may have altered natural population dynamics. Decreasing nearest neighbor distances between prairie dog colonies, and increasing colony size and connectivity within a complex, may increase susceptibility of those colonies to plague. Colonies within the range of sylvatic plague may be most effectively managed by limiting connectivity among groups of colonies. Colony connectivity within a complex remains important to the metapopulation structure and persistence of black-tailed prairie dogs, however, limiting the size and connectivity of colony complexes may allow managers to avoid widespread epizootics or to take action before an epizootic becomes widespread. Additionally, our research has shown that plague epizootics in black-tailed prairie dogs may not progress as quickly from colony to colony as was previously thought, which may provide managers time to intervene and potentially lessen the effects of plague within large colony complexes. In the future, creating or enlarging gaps in colony distribution should be explored as a possible method to reduce the transmission of plague among prairie dog colonies.
